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INTRODUCTION
Phosphotriesterases (PTEs) have been isolated from a variety of organophosphate (OP) degrading soil bacteria. They hydrolyse structurally dissimilar OP insecticides and nerve agents (Dumas et al. 1989) . The organophosphate hydrolase (OPH) of Brivundimonas diminuta, recently reclassified as Sphingopyxis wildii, is one of the well-characterised PTEs (Parthasarathy et al. 2017) . It is a membrane-associated metalloenzyme and requires Zn ions as cofactor. OPH contains a signal peptide typically seen in membrane-associated lipoproteins. It contains an invariant cysteine residue at the junction of the signal peptide-cleavage site. The OPH anchors to the periplasmic face of the inner membrane through a diacyl glycerol linked to the invariant cysteine residue (Parthasarathy et al. 2016) . The signal peptide of OPH also contains a twin-arginine transport (Tat) motif typically seen in proteins that target/translocate across the inner membrane in a pre-folded conformation. The OPH variants having substitutions to the invariant arginines failed to target the inner membrane (Gorla et al. 2009 ). The periplasmically located OPH exists as part of multiprotein complex. It interacts with the components of phosphate-specific transport (Pst) system, ABC transporters and efflux pump AcrZ/TolC (Parthasarathy et al. 2016) . Based on these interactions, the OPH has been implicated in acquisition of phosphate from OP compounds.
Bioinformatic predictions indicated the existence of three transmembrane helices (TMH) in OPH. One of the predicted TMH is found in the signal peptide (14-31), whereas the second one is predicted to be at the N-terminus (58-75) of the protein and yet another at the C-terminus (296-313). Based on the TMHs, an inner-membrane topology was predicted suggesting that the C-terminal part of the protein is in the cytoplasm. The present study investigated the inner-membrane topology by expressing OPH variants in an opd null background. The OPH variants, having either in-frame β-lactamase fusions, or unique cysteine residues both upstream and downstream of the predicted TMHs, were used to determine OPH's inner-membrane topology. Based on the cysteine labelling pattern and growth on ampicillin plates, the OPH inner-membrane topology could be clearly elucidated.
MATERIALS AND METHODS

Media, strains and plasmids
Strains, plasmids and primers used in the present work are shown in Tables S1 and S2, Supporting Information, respectively. Sphingopyxis wildii cultures were grown either in lysogeny broth (LB) medium or in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) minimal medium. HEPES minimal medium was prepared by dissolving 0.2 g KCl, 0.2 g MgSO 4 .7H 2 O, 40 mg CaNO 3 .4H 2 O and 1 mg Fe 2 SO 4 in a litre of 50 mM HEPES (pH7.4). The medium also contained essential amino acid mixture (0.07 mM), pantothenate (0.5 mg), vitamin B-12 (0.001 mg) and biotin (0.001 mg), along with sodium acetate (2%) as carbon source and 0.6 mM of (NH 4 ) 2 HPO 4 as source of phosphate. When required, polymyxin B (10 μg/ml), chloromphenicol (30 μg/ml) or tetracycline (20 μg/ml) were supplemented to the growth medium. All chemicals used in this study were purchased Sigma-Aldrich, Bengaluru, India, unless specified otherwise and all restriction enzymes and other enzymes used in DNA manipulations were bought from Thermo Scientific, Massachusetts, USA. Routine DNA manipulations were performed following standard procedures (Sambrook and Russell 2001) .
In silico predictions of OPH inner-membrane topology
Three independent online tools such as HMMTOP (Tusnády and Simon 2001) , TMHMM (Krogh et al. 2001) and MSAT3 (Nugent and Jones 2009) were used for prediction of OPH inner-membrane topology.
Construction of opd-bla fusions
The opd-bla fusions were constructed using expression plasmid pSM5 as template (Siddavattam et al. 2003) . In total, three expression plasmids were constructed to express OPH having Bla fusions at N-terminal, C-terminal and central regions of OPH. The expression plasmid pOPHCB, which codes for C-terminal Bla fusion (OPH CBla ), was generated by inserting the bla gene as a XhoI and HindIII fragment in plasmid pSM5 (Siddavattam et al. 2003) . The other two plasmids encoding OPH with N-terminal (OPH NBla ) and central Bla fusions (OPH CenBla ) were generated by inserting bla in-frame with opd gene. In order to facilitate bla insertions, two opd variants were generated by creating unique BamHI sites in the opd gene by performing quick-change mutagenesis. One of them contained BamHI site between nucleotide positions 120 and 126, whereas the second one contained a similar site between nucleotide positions 780 and 786 starting from the translational initiation codon. These two plasmids were then digested with BamHI, and the bla gene, taken as a BglII fragment, was cloned to generate expression plasmids pOPHNB and pOPHCNB coding for OPH NBla and OPH CenBla , respectively. The bla gene amplified as a BglII fragment was cloned into pMMB206, and the resulting plasmid pMMBBLA was used as a positive control. The plasmids encoding OPH-Bla fusions and β-lactamase were mobilised into S. wildii, and their expression was induced by adding 3.0 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). After 3 h induction, they were plated on LB plates containing 3 mM IPTG and ampicillin.
Generation of OPH variants with unique cysteine residues
OPH contains a well-conserved lipobox with an invariant cysteine residue at the junction of a putative SpaseII cleavage site (Parthasarathy et al. 2016) . In addition to the lipobox cysteine, the native OPH contains two more cysteines at positions 59 and 227. As the sulphydryl group of lipobox cysteine is not free for PEG-Mal labelling, the other two residues were substituted with alanine residues to generate cysteine-free variant of OPH. Such substitutions were made by performing quick-change mutagenesis using plasmid pPHYS400 as template (Siddavattam et al. 2006 ). The plasmid pCLOPH, which codes for OPH C59, 227A , was then used as template to introduce unique cysteine residues at surface-exposed regions in OPH. The resulting plasmid designated as pCLOPH codes for cysteine-less OPH except for the one found in the lipobox at the putative SpaseII cleavage site. The plasmid pCLOPH was subsequently used as a template to introduce cysteine substitutions at surface-exposed regions of OPH. Eight OPH variants were generated by introducing a cysteine residue at positions 47, 137, 142, 161, 218, 266, 311 . The opd genes encoding these OPH variants were then amplified using modified T7 promoter and terminator primers (T7EcoRI and T7BamHI) and cloned in pMMB206 (Morales, Backman and Bagdasarian 1991) as EcoRI and BamHI fragments. These plasmids were mobilised into S. wildii DS010 (Gorla et al. 2009 ) before inducing the expression of OPH overnight with 3 mM IPTG. The spheroplast preparations and marker enzyme assays were done to establish the purity of membrane following procedures described elsewhere (Weiner et al. 1998; Gorla et al. 2009 ).
PEG-Mal labelling
The PEG-Mal labelling was essentially done following procedures described elsewhere with slight modifications (Koch et al. 2012) . These spheroplasts (500 μl) were incubated with PEGMal (5 mM methoxypolyethylene glycol maleimide, 5000 Da) at room temperature for 2 h to ensure uniform labelling of cysteine residues. The negative control sample included buffer instead of PEG-Mal. The positive control sample included spheroplasts treated with 1% Triton X-100 prior to labelling. The sulfhydryl labelling reaction was stopped by addition of 200 μl of 0.5 mM dithiothreitol (DTT). After labelling, the membrane fractions were isolated from the spheroplasts, and the OPH-specific signals were developed performing western blots using OPHspecific antibodies. 
RESULTS AND DISCUSSION
The membrane-associated OPH has been purified from more several soil bacteria that have very little taxonomic relationship (Mulbry and Karns 1989) . In Sphingopyxis wildii, the OPH targets the inner membrane in a pre-folded conformation following Tat transport (Gorla et al. 2009 ). The periplasmically located OPH has recently been shown to interact with the outer membrane component TolC and ABC-type transporters involved in phosphate uptake (Parthasarathy et al. 2016) . Considering its existence as a periplasmically located multiprotein complex, we initially tried to assess its inner-membrane topology.
Bioinformatic predictions
Different bioinformatic tools were used to predict OPH's innermembrane topology. As shown in the Fig. 1A , the prediction server HMMTOP (Tusnády and Simon 2001) showed the existence of three TMHs. One of them involved residues 14-31 and it is part of the signal peptide of OPH. It is cleaved from OPH after translocation of OPH across inner membrane. Prediction of the second (involving residues 58-75) and third (involving residues 296-313) TMHs suggested an N-out, C-out topology for OPH (Fig. 1A) . Similarly, the MEMSAT3 (Nugent and Jones 2009) predicted the existence of a single TMH involving residues 116-131 and suggested an N-out, C-in topology (Fig. 1B) . However, the TMHMM server v 2.0 (Krogh et al. 2001) predicted the existence of a single TMH in the signal peptide (involving residues 7-29)
of OPH and predicted that both the N-and C-terminal ends of the protein are at the periplasmic face of the inner membrane ( Fig 1C) . As there is no consistency in the predicted membrane topology of OPH, we have designed experiments to elucidate the inner-membrane topology of the enzyme in S. wildii.
The opd-bla fusions
To provide experimental evidence in support of which of these predictions is correct, we initially generated OPH-Bla fusions and used them as reporters to predict the inner-membrane topology. Since β-lactamase (Bla) attains an active conformation only in periplasmic environments (Broome-Smith, Tadayyon and Zhang 1990), we have generated OPH-Bla fusions by inserting the bla gene in-frame with the N-terminus of OPH (OPH NBla ), with the central region (OPH CenBla ) and with the C-terminal (OPH CBla ) region. The OPH Cbla -encoding expression plasmid was generated by simply replacing the His-coding sequence of OPH C6His -encoding pSM5 with the bla gene (Siddavattam et al. 2003) . The other two OPH-Bla fusions were made especially in the loop regions of OPH to minimise the distortion to the structure of OPH (Fig. 1D) . All of them, when expressed in Escherichia coli, were found to be active (Fig. 2E ) and showed a size that corresponds to the combined size of OPH and β-lactamase (67 kDa) ( Fig. 2A and B) . After testing the expression in E. coli, the plasmids encoding the OPH-Bla fusions were mobilised into the opd null mutants of S. wildii and their expression was induced before plating on ampicillin/polymyxin B plates. Because β-lactamase is active only if it is translocated into the periplasm, the OPH variants having a β-lactamase region in the periplasmic space are expected to grow on ampicillin plates. In contrast to the bioinformatic predictions, the S. wildii DS010 cells encoding OPH NBla , OPH CenBla and OPH CBla all grew on ampicillin agar (Fig. 2D) . In support of this data, we isolated the membrane fractions from cells expressing these OPH-Bla fusions and each yielded OPH-specific signal that corresponds to the predicted size of OPH-Bla fusion (67 kDa) (Fig. 2C ). This data clearly supports existence of an N-out and C-out inner-membrane topology for OPH.
Cysteine-labelling studies
The generated OPH-Bla reporter data suggested that the entire OPH is in the periplasmic space. These results were further verified by performing specific cysteine-labelling experiments. To provide convincing results on OPH inner-membrane topology, we have attempted to label cysteine residues of OPH found on the periplasmic face of the inner membrane using PEG-Mal. Since PEG-Mal is membrane impermeant, only the cysteine residues found at the surface of the inner membrane can be labelled. Moreover, OPH labelled with PEG-Mal shows a corresponding increase in its size of 5 kDa. Such size variation can be detected by performing immunoblots using anti-OPH antibodies. This strategy gives interpretable results only if OPH contains a single cysteine residue at different strategic locations within the OPH sequence. The native OPH has two cysteine residues, one at the 59th and the other at the 227th amino acid position. Before proceeding with PEG-Mal labelling, we generated an OPH variant, which lacks these two cysteines but still retains the one found at the predicted signal peptidase cleavage site. The OPH variant was generated by substituting alanine residues for cysteine residues found at 59 and 227 positions. The opd gene coding for OPH C59, 227A then served as a template to generate OPH variants with unique cysteine residues. In total, eight OPH C59, 227A variants were generated by introducing unique cysteine residues at the surface-exposed positions covering the entire length of OPH C59, 227A . The OPH  C59, 227A variants OPH  S47C , OPH  S137C , OPH  S142C , OPH  T161C, OPH   S218C and OPH A266C containing cysteine substitutions were expressed in S. wildii DS010 cells. Spheroplasts of S. wildii DS010 strains encoding these OPH variants were then incubated with PEG-Mal reagent to facilitate sulfhydryl labelling. The membrane proteins collected from all these spheroplasts when probed with OPH antibody gave two specific signals with a 5 kDa size difference (Fig. 3) . One of them corresponded to the unlabelled OPH and the second one matched to the size of OPH conjugated to PEG-Mal. The PEG-Mal-labelled OPH-specific signal was seen only in reaction mixture containing PEG-Mal. Such signals were not seen in controls generated by omitting PEG-Mal or in PEGMal-treated spheroplasts expressing OPH C59,227A (Fig. 3) . Since all OPH variants gained access to the PEG-Mal, the N-terminal and central regions of OPH are assumed to exist on the surface of the inner membrane. The HMMTOP prediction server in particular indicated the presence of a TMH at the C-terminus of OPH, spanning from amino acid residues 296 to 313. The predicted TMH is shown to introduce the C-terminus of OPH into cytoplasmic face of the inner membrane. This hypothesis was tested by having unique cysteine residues were incubated with MAL-PEG. Membrane preparations isolated from MAL-PEG labelled, unlabelled and Triton X-100 treated (Control) spheroplasts were probed with anti-OPH antibodies by performing western blots. The elevated OPH size due to MAL-PEGation is shown with asterisk ( * ) .
generating OPH variants coding for OPH T311C and OPH T345C . One of them, OPH T311C , contained a unique cysteine reside in the predicted TMH, whereas in OPH T345C , the unique cysteine residue was placed downstream of the predicted TMH. If the predicted TMH places the C-terminus of OPH at the cytoplasmic face of the inner membrane, these two residues should not be accessible to PEG-Mal. However, the spheroplasts of S. wildii DS010 cells expressing OPH variants OPH T311C and OPH T345C were accessible to MAL-PEG suggesting that the entire OPH on the surface of the inner membrane has an N-out and C-out inner membrane topology (Fig. 3) . The OPH is a well-characterised enzyme and a considerable amount of research has been done to understand the structural (Omburo et al. 1992; Kuo and Raushel 1994) and catalytic properties of OPH (Bigley and Raushel 2013) . Besides hydrolysing the triester linkage found in a structurally diverse group of organophosphates, the OPH has also been shown to have promiscuous lactonase activity (Afriat-Jurnou, Jackson and Tawfik 2012). Because of its lactonase activity and its structural similarities with lactonases, the OPH has been assumed to have evolved from quorum-quenching lactonases to facilitate phosphate acquisition from naturally occurring as well as man-made phosphotriesters like OP insecticides (Afriat-Jurnou, Jackson and Tawfik 2012). Our recent results showing OPH interactions with components of Pst system strengths this proposition (Parthasarathy et al. 2016) . The two-component regulatory system consisting of PhoR and PhoB regulates the expression of Pst system (Santos-Beneit 2015). It is induced only when the level of external inorganic phosphate (Pi) is lower than 20 μM. Under such physiological conditions, the cells need to solubilise organic phosphates to generate an inorganic phosphate pool in periplasmic space. If phosphotriesters serve as a source of phosphate, the periplasmically located OPH can generate phosphodiesters. They ultimately get converted into the inorganic phosphate pool due to the existence of periplasmically located phosphodiesterases/phosphatases. Though the present study increases our understanding of S. willdi utilisation of phosphotriesters as sole source of phosphate, how these molecules are transported to the periplasmic space across the outer membrane is unclear. It is conceivable that a transporter for taking up phosphotriesters into the periplasmic space exits, however, further studies will be necessary to identify such an outer membrane transporter in gram-negative soil bacteria.
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